Background: Risk of over-immunosuppression or immunization may mitigate the overall and long-term renal outcomes of kidney transplant recipients (KTR) admitted to the ICU in the modern era but remain poorly described. Thus, there is an unmet need to better characterize the survival of KTR admitted to the ICU, but also the renal and immunological outcomes of survivors.
Background
About 10% of kidney transplant recipients (KTR) experience a life-threatening disease requiring admission in an intensive care unit (ICU) [1] [2] [3] [4] [5] [6] [7] . Most admissions occur more than 6 months after the renal transplantation [3-5, 8, 9] . The main causes of admission were acute respiratory failure (ARF) and septic shock, followed by cardiovascular complications, acute kidney injury (AKI), drug-related complications and neoplasia [4, 10] .
In-hospital mortality after admission to the ICU is mostly related to the cause of admission and the number of organ failures at presentation, whereas the characteristics of the renal transplantation are not associated with the outcomes [3, 4, 6] . Whether these findings hold true in the modern era characterized by an increase of transplantations at high risk of surgical and immunological complications and with widespread use of prophylaxis for opportunistic infections remain to be addressed.
KTR are at higher risk of severe AKI in the ICU, compared to unselected critically ill patients [3, 11] , and up to 40% of KTR will required renal replacement therapy (RRT). AKI is now recognized as a cause of chronic kidney disease (CKD), and estimated glomerular filtration rate (eGFR) before the injury is a strong predictive factor of progression toward CKD [12] . In old studies, the renal outcome was poor, ranging from 20 to 30% of patients with eGFR decline after ICU stay. KTR that develop AKI have a relative risk of graft loss of 3.2, and up to 20% of patients will ultimately lose their renal graft [13] .
Similarly to unselected critically ill patients, renal outcome of KTR results from the combination of the underlying CKD (i.e, basal eGFR), the use of nephrotoxicants in the ICU, and episodes of ischemic, hemodynamic or septic AKI [3, 4, 14] . In the setting of renal transplantation, immunological injuries may also promote the progression of graft dysfunction observed after ICU admission. Indeed, the withdrawal of immunosuppressive drugs and/or red blood cells (RBC) transfusion may lead to the development of de novo donor-specific antibodies during or after the stay in the ICU [15, 16] . This may reduce the graft survival in ICU survivors and reduce the access to a subsequent transplantation in patients who lost their graft function. To date, no study accurately assessed the immunological outcome in KTR admitted in ICU.
In this study, which included a large cohort of 200 KTR admitted in ICU over a 6 years period, we aimed to identify the predictive factors for in-hospital mortality, to characterize the predictive factors of progression from AKI of CKD, and to assess the risk of anti-HLA immunization, two factors associated with long-term survival.
Patients and methods
In this retrospective single-center study, we included all KTR admitted between January 2010 and June 2016 to the ICU of the Department of Nephrology and Organ Transplantation at the University Hospital of Toulouse (France), a 10-bed tertiary care ICU backed by a 30 beds-unit of solid organ transplantation, and with 24-ha-day intensivist.
To be included in this study, patients met the following criteria: (i) over 18 years of age, (ii) to have received a renal transplantation before the admission, and (iii) an admission to the ICU for acute conditions. Patients admitted for a close monitoring just after the renal transplantation, and those with known irreversible graft failure, were excluded from the analysis. Only the first admission was reported.
According to the French law related to retrospective observational studies and our Institutional Review Board (University Hospital of Toulouse -Office of Research, Development and Innovation), the need for written consent was waived.
The primary objective of the study was to identify the predictive factors of death in the hospital of KTR admitted to the ICU. Secondary objectives were the characterization of the risk to develop AKI to CKD transition and to acquire HLA immunization.
Clinical characteristics
Clinical and biological data were collected from the computerized charts of the patients. The following parameters related to transplantation were collected: age at transplantation, cause of renal disease, immunosuppressive regimen, episodes of biopsy-proven antibody or Tcell-mediated rejection (ABMR and TCMR), EBV or CMV replication in blood or BK virus shedding in urine within the 6 months preceding the admission to the ICU. The parameters related to the ICU stay included age at admission, gravity scores, causes for admission, infections, organ failures, RBC transfusions, and immunosuppression management. Changes in immunosuppression were not standardized in our ICU and were left at the discretion of each physician. CKD was assessed at month 1 and 6 in survivors according to the CKD KDIGO staging [17] .
Immunological tests
Assessment of anti-HLA immunization was performed according to our institutional protocol (i.e. every 12 months or after events at risk of anti-HLA immunization like RBC transfusion, acute rejection), with the Luminex°technique. A baseline value of > 500 was considered positive.
Statistical analyses
Continuous variables are reported as their median and interquartile ranges (IQR), and discontinuous variables as numbers and percentages. Univariate analyses of in-hospital mortality were performed using the Mann-Whitney or Fischer' exact tests, as appropriate. Multivariate analyses were performed using a step-by-step logistic regression model. All variables associated with in-hospital survival by univariate analysis (p < 0.1) were included in the multivariate analysis. Survival curves were drawn according to the Kaplan-Meier method and compared with the LogRank test (univariate analysis). Statistical significance was assumed at p < 0.05. Statistical analyses were performed using the GraphPad Prism6 (San Diego, CA, USA) and Xlstat softwares (Addinsoft, Paris, France). Fig. 1 ). During this period 1240 patients received renal transplantation in our transplantation unit, and 95 out of these 1240 (7.7%) were admitted to the ICU. Main characteristics of the transplantation and at the admission are summarized in Tables 1 and 2 .
Results

From
Transplantation characteristics
Immunosuppressive regimen included induction therapy in 162 patients. At admission, patients received a combination of calcineurin inhibitors (81.3%; tacrolimus 74%), antimetabolites (82.3%; mycophenolic acid 79.3%), mTOR inhibitors (19.2%) and/or steroids (92.9%). Overall, 123 patients received an immunosuppressive regimen including steroids, mycophenolic acid and calcineurins inhibitors.
Twenty-six (13%) and 34 (17%) out of the 200 patients had presented with an ABMR and TCMR before the admission in the ICU (12 (6%) developed both ABMR and TCMR). When available within the 6 months preceding the admission to the ICU, CMV and EBV replication in the blood were observed in 16/142 patients (11.3%), 39/ 127 (30.7%), respectively.
Characteristics in the ICU
At admission, median SOFA gravity score was 6 [IQR [4] [5] [6] [7] [8] . Main causes of admission were ARF (27.5%), septic shock (26.5%), post-operative period (peritonitis, hemorrhage, 23%), acute neurological disorder (6%), AKI requiring RRT (5%) or cardiac arrest (1%).
Altogether, 114/200 admissions (57%) were related to an infection (lungs (28.5%), urine (13%), gut (12%) or other (3.5%)). Pyogenes-related infections were diagnosed in 101 patients, whereas aspergillosis, candidemia, pneumocystosis and CMV infections were identified in 8, 8, 7 and 5 patients, respectively. Multiple infections were identified in 29 patients (14.5%).
Median time of hospitalization in the ICU was 5 days [IQR [2] [3] [4] [5] [6] [7] [8] [9] [10] . Among the 200 individuals, 107 (53.5%) required mechanical ventilation, and 97 (48.5%) required vasopressive drugs. One hundred and seventy-one patients (85.5%) developed AKI, including 113 (56.5%) with 
Management of immunosuppression in the ICU
At the admission, median residual concentration of tacrolimus and ciclosporine-A were 6.6 ng/mL [IQR 4.6-11.2] and 127 ng/mL [IQR 77-223], respectively. Prednisolone was switched to hydrocortisone (150 to 300 mg/day) in 42 patients, including 35 with septic shock. Calcineurin inhibitors were withdrawal in 40 patients (20%) and concentration targets were reduced in the others (tacrolimus residual 5-8 ng/mL; cyclosporine-A residual (70-220 ng/ mL). Antimetabolites were stopped in 61/163 patients (37.4%), including 19 with sepsis. In 48 out of these 61 patients, the dose of steroids was increased. Overall, the immunosuppressive regimen was modified in 155 patients (77.5%). 
Renal graft outcome
As a secondary objective, we characterized the risk to develop AKI to CKD transition. Graft survival is shown in Fig. 3a . Median graft survival was 10 months. To better characterize the renal outcome and progression from AKI toward CKD in KTR admitted to the ICU, we studied the sub-group of patients with stable renal function at admission (i.e. admitted more than 1 month after the renal transplantation) and still alive 6 months after the admission to the ICU. In these 113 patients, median eGFR at month 6 was 35 mL/min/ 
Discussion
In this study, we reported the predictive factors of inhospital mortality in a large cohort of 200 KTR admitted to the ICU. Risk of transition from AKI to CKD, and anti-HLA immunization, were also reported. Notwithstanding the monocentric status of this study and the inherent biases of ICU admission and management, our ICU is the referral center for KTR requiring admission to the ICU (except for neurological and cardiac surgery) in a large region in the south-west of France (~2.3 million inhabitants). Thus, the studied cohort accurately described the causes of KTR admission to the ICU, characteristics at presentation, and specific outcomes. Over the study period, the estimated incidence of ICU admission (7.7%) was closed to the one reported in recent studies (4.5 to 10.2%) [2] [3] [4] [5] 7] . Median time from renal transplantation to ICU admission was longer (41 months vs. 4.4 to 25.2 months [1-5, 7-9, 18]) except in one study [19] . The mortality rate was not influenced by the timing of ICU admission, thus confirming survival in the ICU is not associated to the characteristics of the transplantation [2, 5, 20, 21] .
Our series confirms that ARF and sepsis are the main causes of ICU admission in KTR [1, 3-6, 9, 18, 20, 21] . Lung infection was the main cause of ARF with acute pulmonary edema ranking second, pointing to the high risk of sodium overload in KTR (steroids, underlying CKD or heart disease). Multiple causes of ARF were identified in 11% of patients, confirming that management of KTR should follow a dedicated workup (transplantation history, immunosuppressive regimens, underlying chronic disorders) [10, 22] . Here, 14.5% of the individuals admitted to the ICU for infection had at least two concomitant infections.
Contrasting to older studies [5, 6, 21] , the mortality rate in our study (i.e., 20% in the hospital and 26.5% 6 months after the ICU stay) was lower than in unselected critically ill patients [23] . Of note, severity scores at the admission predicted mortality in hospital between 15 and 50% [24, 25] . This mortality rate, close to the one observed in two recent French studies, suggests that usual gravity scores may be undermined in KTR. Management of KTR in ICUs specialized in the field of transplantation and immunocompromised patients may also improves the outcome of these patients [3, 4] . Prognosis of solid organ transplant recipients with sepsis may be better than expected in unselected critically ill patients after adjustments on gravity scores, causes of admission, and number of organ failures [26] . Immunosuppressive drugs with reduction of the risk of hyper-inflammation state and subsequent refractory acute respiratory distress syndrome or shock may account for this discrepancy.
Interestingly, we showed for the first time that EBV replication in the months preceding the admission of KTR to the ICU was associated with a poorer outcome. EBV replication per se is not associated with a poorer outcome in unselected KTR [27] . However, chronic EBV replication may be the trigger or the consequence of Tcell exhaustion, an acquired immune paralysis observed in patients with chronic exposure to viral or cancer antigens [28] , associated with an increased risk of mortality or nosocomial infections in patient admitted in ICU for sepsis, burns or traumas [29] . Chronic EBV replication may thus be a surrogate marker of frailty associated with a higher risk of mortality in ICU. Further studies are warranted to confirm that EBV status at the time of admission in ICU may help to identify patients at high risk of death.
In our cohort, AKI was highly prevalent (81.5%) and 51.5% of patients required RRT, contrasting with unselected critically ill patients (19 to 57% and 4.5 to 13.5%, respectively) [30, 31] . In addition to known risk factors for the development of AKI in the ICU, the use of calcineurin inhibitors, the previous episodes of AKI and the underlying CKD, all increased the risk of AKI in KTR with acute condition [13, 14, 32, 33] . Moreover, we showed that progression of CKD after admission to the ICU is highly prevalent (30% at 1 month and 45% at 6 months in our series, compared to 12-20% at 3 months in older studies [3, 4, 11] and was well predicted by the basal CKD stage and the severity of the AKI. The high incidence of transition toward CKD in KTR, which continues beyond month 3, also points to additional and persistent renal injuries specifically encountered in this population. Whether specific management in ICU regarding the immunosuppressive regimen [10] , prophylaxis of cytomegalovirus proliferation [34] , and RBC transfusion policies [15] may help to overcome the risk to develop anti-HLA antibodies after admission to the ICU (15.1% of survivors in our series) in solid organ transplantation recipients need to be tested in prospective trials, because our retrospective study cannot lead to specific recommendations.
Several limitations may be underlined. First, the retrospective design of the study prevented the assessment of EBV viremia in all the KTR admitted to the ICU during the inclusion period. Nonetheless, this parameter was available in a significant number of patients (n = 127). Second, management of immunosuppressive regimen may vary during the ICU stay according to the patient status. Here, we discriminate patients according the maintain or the withdrawal of immunosuppressive drugs but how long patients had reduced immunosuppressive regimen was unknown in most patients. This limitation may also have modulated the risk of HLA immunization. Last, we reported here a large cohort of KTR admitted to the ICU in order to describe the different clinical scenarios that can lead to ICU admission in these patients. However, the various causes of admission introduced heterogeneity in term of both mortality and risk of immunization that need to be taken in account. It also prevents to draw firm conclusions about the optimal immunosuppressive management.
In summary, we showed that survival of KTR following admission to the ICU is predicted by the severity of the acute condition but also by viral replication (i.e., the underlying immune defense status). ICU admission is associated with a very high risk of AKI and progression toward CKD, as well as a significant risk of HLA immunization. Authors' contributions SF and DG designed the study; SF, DG and NKD analyzed the patient data; SF, NK and DG wrote the manuscript; SF, LL, MBN, OC, NK, ADB, DG, ALH, OR and LE followed patients; NC preformed immunological analyses. All authors read and approved the final manuscript.
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